We calculate the minimum feasible contact resistivity to n-type and p-type In 0.53 Ga 0.47 As, InAs, GaAs, GaSb, InP, and InSb. The calculations consider image force lowering and assume either parabolic or non-parabolic energy dispersion in the semiconductor; their results are compared with recent experimental data. Among significant results, the measured contact resistivity to n-In 0.53 Ga 0.47 As at a carrier concentration of 5 Â 10 19 cm À3 is only 2.3:1 higher than that calculated assuming a 0.2 eV barrier potential, and the measured contact resistivity is only 9.0:1 larger than the Landauer quantum conductivity limit at this carrier concentration. These results indicate that, with the surface preparation procedures presently employed, surface contamination does not markedly increase the interface resistance, and that the transmission coefficient for carriers crossing the interface exceeds 10%. V C 2013 AIP Publishing LLC. [http://dx
I. INTRODUCTION
The continued improvement of ohmic metalsemiconductor contacts is critical both to the development of nm transistors for VLSI and to the development of THz transistors for mm-wave wireless systems. In the extension by scaling of III-V bipolar and field-effect transistor bandwidths to 3-4 THz cutoff frequencies, ohmic contacts of below $10 À8 X À cm 2 resistivity are required. 1, 2 In VLSI, as MOSFET source and drain contact areas are reduced to accommodate source-drain contact pitches of $50-100 nm, contacts of similarly low resistivity are required to permit high transistor on-state current. Ohmic contacts to group IV (Si, Ge) and III-V compound semiconductors have been extensively studied; results are summarized in Refs. 3 and 4. The primary factors determining contact resistivity are carrier concentration, semiconductor surface preparation and cleaning, and contact metal work function hence Schottky barrier height. [5] [6] [7] At a given carrier concentration in the semiconductor, there is lower limit below which the contact resistivity cannot be reduced. This lower limit results from the finite interface transmission probability, the finite carrier velocity, and the finite number of states available for carrier transport across the metal-semiconductor interface. Recently, Maassen et al. 8 calculated the intrinsic lower limit for contact resistivity for InAs, In 0.53 Ga 0. 47 As, GaSb, and Si using a full band ballistic quantum transport approach. The authors found that, for a given carrier concentration, the lower limit for the contact resistivity is almost independent of the semiconductor.
Here, we present calculations of contact resistivities for n-type and p-type In 0.53 Ga 0. 47 As, InAs, GaAs, GaSb, InP, and InSb. To compare these calculations to experimental data, three cases are addressed. First, the contact resistivity is calculated in the (typical) case where carriers must tunnel through a Schottky barrier of significant thickness. To assess the degree to which tunneling probability contributes to the interface resistance, the contact resistivity is also calculated for the case where this barrier is absent, i.e., with a step change in the electron affinity between the metal and the semiconductor. In this case, which we refer to as a step barrier, although carriers need not tunnel through a barrier, the interface transmission probability remains less than unity because of the abrupt change at the interface of the carrier potential energy and carrier effective mass. Finally, we calculate the contact resistivity assuming unity for the interface transmission probability, i.e., the resistivity in the quantum conductivity limit.
By comparing experimental data to resistivities calculated including the finite Schottky barrier, we can estimate the degree to which contact resistivity has been increased by surface contamination or other imperfections at the interface. By comparing the Landauer quantum conductivity limit to the resistivities calculated including the finite Schottky barrier, we can infer the contribution of the Schottky barrier transmission probability to the contact resistance.
II. CURRENT DENSITY AND CONTACT RESISTIVITY CALCULATIONS
We first present the method used to calculate the transmission probability and contact resistivity of a metal-semiconductor interface assuming either parabolic or non-parabolic energy dispersion in the semiconductor.
Assuming conservation of carrier transverse momentum and total energy, the net current density across a metalsemiconductor junction is 9 J ¼ 2q ð2pÞ
where z is the direction of current flow and the xy plane is the plane parallel to the interface, v sz is the z component of the carrier group velocity in the semiconductor, f s ¼ 1=ð1 þ expðE À E f s Þ=kTÞ and f m ¼ 1=ð1 þ expðE À E f m Þ=kTÞ are the Fermi functions in the semiconductor and in the metal, E ¼ Eðk x ; k y ; k z Þ is the total carrier energy, E f s and E f m are the Fermi energies in the semiconductor and in the metal, k is the Boltzmann's constant, T is the temperature, T P ¼ T P ðk x ; k y ; k z Þ is the interface transmission probability, (k sx , k sy , k sz ) are the carrier wave vectors in the semiconductor in the (x, y, z) directions. Both k sz ðzÞ and v sz ðzÞ are functions of the depth (z) within the semiconductor; within Eq. (1), the quantities k sz and v sz are the asymptotic values taken at a large depth. To make analysis tractable, the free electron model and an idealized parabolic energy dispersion were assumed for the metal. The conduction band edge (E cm ) of the metal is taken, at 0 eV, as the reference energy (Fig. 1) . As indicated in Fig. 1 , q/ R is the energy difference between the conduction band edge of the semiconductor (E cs ) and the conduction band edge of the metal (E cm ) i.e., q/ R ¼ E cs À E cm . Also, q/ B is the intrinsic barrier height and q/ Bn is the barrier height at thermal equilibrium resulting due to image force lowering.
The contact resistivity, q c , is defined as the inverse of the derivative of the current density by the voltage V ¼ ðE f s À E f m Þ=q, as the voltage approaches zero
Hence, the contact resistivity is
We now must consider separately the cases of parabolic and non-parabolic energy dispersion in the semiconductor. Case I: For a semiconductor with parabolic energy dispersion, the total carrier energy is given by
where m s is the carrier effective mass in the semiconductor. In this case, the carrier group velocity is
from which we find,
where k st 2 ¼ k sx 2 þ k sy 2 and dk sx dk sy ¼ k st dk st dh. From these, we find,
Case II: The prior analysis assumed parabolic energy dispersion in the semiconductor, i.e., a quadratic variation of energy with momentum. The energy-momentum relationship is better approximated by a fourth-order (non-parabolic) dispersion relationship [10] [11] [12] 
where a is the non-parabolicity factor. From this, we find,
The group velocity is then,
From this, we find the contact resistivity,
A. Calculation of the barrier transmission probability (T P )
In prior work, 13 the Wentzel-Kramers-Brillouin (WKB) approximation has been used to calculate the transmission probability, T P , across the metal-semiconductor interface. The WKB approximation breaks down at the regions close to the maximum of the potential energy barrier. The WKB approximation also neglects the quantum mechanical reflection arising from the abrupt change in electron affinity and carrier effective mass at the interface, an effect which becomes important for low-resistivity contacts having low Schottky barrier energy and highly degenerate carrier concentration in the semiconductor. Here, we present a more exact calculation of the transmission probability, a calculation which includes this interface reflection, and remains valid for carrier incident energy above the peak of the potential barrier.
To calculate the transmission probability, the potential energy is first calculated as a function of position. Image force barrier lowering is included in the calculation, but band gap narrowing due to highly degenerate carrier concentration was neglected. This computed potential profile is then approximated as a set of regions, each having a constant field, using the following procedure. First, the position z ¼ i of maximum field is identified ( Fig. 2(a) ), and the potential is then approximated as linear (constant field), with the modeled potential set equal to the exact computed potential at the point z ¼ i. This constant field region extends over the interval d 1 < z < d 2 ; outside this region, the potential is modeled as constant potentials, either that of the barrier peak or that of the bulk semiconductor.
The barrier is thus separated into four adjacent constantfield regions. Within each region, Schrodinger's equation is solved using Airy functions. Within the region 0 < z < d 1 , an infinitesimal potential gradient dq/ Bn is introduced ( Fig.  2(b) ) to facilitate the use of Airy functions. The Airy function solutions are valid in all the energy ranges, 14 i.e., q/ R < E < 1 making the calculations less cumbersome. If a barrier with constant potential energy was chosen for this region (0 < z < d 1 ), it would require solutions of Schrodinger equations for q/ R < E < q/ Bn , E ¼ q/ Bn , and E > q/ Bn making the calculations tedious.
First, we calculate the transmission probability for a semiconductor with parabolic energy dispersion. For the barrier shown in Fig. 2(b) , the potential energy for various regions is approximated by
where
The wave functions required for calculating the transmission probability, T P , are obtained by solving the time-independent Schrodinger equation, ð h 2 =2m s Þð@ 2 w=@z 2 Þ þ ðE z À VðzÞÞw ¼ 0, for various constant-field regions of Fig. 2(b) . The eigenfunction solutions of this equation for various regions are, w 1 ðzÞ ¼ expðik mz zÞ þ R expðÀik mz zÞ; z 0; (15)
where AiðzÞ and BiðzÞ are the Airy functions, 15 R, C, D, F, G, and t are complex constants, Because the total energy, E, and the transverse wave vector k t (¼ k mt ¼ k st ) does not change as carriers cross the interface, 
The parameters a 10 ; A 10 ; a 1 ; A 10p ; a 11 ; B 10 ; a 1 ; B 10p are defined in Appendix A. The transmission probability is then given by
Transmission probability was also calculated for a step barrier (Fig. 3) . In this case, the electric field within the semiconductor is assumed to be zero. Although in this case, carriers crossing the interface must no longer tunnel through a Schottky potential barrier (Fig. 2) , we will find that the transmission probability remains significantly below unity because of the abrupt change in carrier effective mass and kinetic energy. Comparison of the Schottky barrier, step barrier, and 100% transmission (quantum conductivity) cases permits us to infer the relative contributions of barrier tunneling and of mass and energy changes to the resistance. The interface transmission probability for this case, derived in Appendix B, is
Next, we discuss the case for a semiconductor with nonparabolic energy dispersion. As shown in Eqs. (16) and (17), the kinetic energy associated with motion in the z direction is required to calculate the transmission probability across the tunnel barrier. For a semiconductor with non-parabolic energy dispersion, the total energy is, [10] [11] [12] 
Hence, for this case, we have calculated the interface transmission coefficient only for the case of the step barrier. The calculations are given in Appendix C; the transmission probability is
where m Ã s is the energy dependent conductivity mass in a non-parabolic semiconductor and is defined as,
B. Landauer contact resistivity
In the general relationship of Eq. (10), the contact resistivity is bounded below by the case of unity interface transmission probability, i.e., T P ¼ 1. In this case, the quantum conductivity or Landauer limit, 17 the contact resistivity for an isotropic single-band-minimum semiconductor is
where n is the carrier concentration. Equation (26) is the Landauer limit for the C-valley-minimum III-V semiconductors. In contrast, for anisotropic semiconductors having g band minima, with carrier concentrations n si and x, y, and z (transport) direction masses m xi , m yi , m zi for the ith valley, 
where n is the total carrier concentration.
III. EXPERIMENTAL DATA
The contact resistivities calculated by the methods described above were compared to the experimental data for contacts made to n-type and p-type In 0.53 Ga 0. 47 As, InAs, GaAs, GaSb, and InP. We had earlier reported ultra low contact resistivities to n-InAs, n-In 0.53 Ga 0. 47 As, and p-In 0.53 Ga 0. 47 As. [18] [19] [20] The contact resistivities were (0.6 6 0.4) Â 10 À8 X cm 2 , (1.1 6 0.5) Â 10 À8 X cm 2 , and (0.66 0.5) Â 10 À8 X cm 2 for n-InAs, n-In 0.53 Ga 0. 47 As, and p-In 0.53 Ga 0.47 As, respectively. In addition to these data, the experimental contact resistivity data for n-type and p-type InAs, In 0.53 Ga 0. 47 As, GaAs, GaSb, and InP were obtained from the literature. 6, 7, To best of our knowledge, no experimental contact resistivity data has been reported for contacts made to n-type and p-type InSb.
IV. RESULTS AND DISCUSSION
A. Effect of non-parabolicity, metal Fermi energy, and carrier effective mass in the metal
In this section, we present the theoretical contact resistivities calculated using the equations obtained in Sec. II. The dependence of contact resistivity on three factors, nonparabolicityðaÞ, metal Fermi energy ð/ M Þ, and carrier effective mass in metal ðm m Þ is discussed. For brevity, only the results obtained for n-type InAs are presented. The parameters used for the calculations are listed in Table I . Fig. 4 compares the calculated contact resistivities for parabolic and non-parabolic energy dispersion for n-type InAs. A step barrier (Fig. 3) and a metal Fermi energy / M ¼ 11.4 eV (corresponding to molybdenum (Mo) 62 ) were assumed for the calculations. Resistivities lie slightly above Landauer limits because of interface quantum reflectivity; parabolic and non-parabolic bands show differing ðE f s À E c Þ and hence differing interface reflectivity. Further, at a given carrier concentration, Landauer contact resistivities are slightly lower in Si than in C-minima III-V semiconductors because of anisotropy and because of the multiple band minima.
To observe the effect of metal Fermi energy ð/ M Þ on contact resistivity, contact resistivities were calculated using / M ¼ 5 eV and / M ¼ 10 eV. The calculations were done for a step barrier (Fig. 3) and for a finite tunnel barrier (Fig. 2) , assuming parabolic energy dispersion in the semiconductor.
The results for the contact resistivities obtained for the step barrier are plotted in Fig. 5 . It can be seen that the contact resistivities obtained for / M ¼ 5 eV lie below those obtained for / M ¼ 10 eV. Recalling that we here approximate the metal by the free-electron model, with the metal conductionband energy taken as the reference energy at 0 eV, changing the metal Fermi energy corresponds to an assumed change in the metal's free electron concentration and changes the electron momentum (k-vector) at energies near the Fermi energy. Because of the wavefunction boundary conditions at the metal-semiconductor interface, changes in the metal Fermi energy, therefore, change the interface transmission coefficient. A similar trend was obtained for contact resistivities calculated for the finite tunnel barrier (not shown here).
The variation of contact resistivities of n-InAs with carrier concentration for different m m is shown in Fig. 6 . It can be seen that, as m m increases, contact resistivity decreases. This could be because of the difference in the transmission probability for different carrier effective mass. To verify / M ¼ 11.4 eV (Fermi energy for Mo) were assumed. These calculations include image force lowering of the Schottky barrier at the metal semiconductor interface. The results are plotted in Figs. 8(a) to 8(l 20 cm À3 carrier concentration and / B ¼ 0.6 eV, computed resistivity lies 13:1 above the Landauer limit; the tunneling probability remains low.
It must be noted that the experimental data include contact resistivities obtained for alloyed and non-alloyed contacts. In addition, the data points are plotted with respect to the bulk carrier concentration. Depending on the contact metal used, the carrier concentration near the contact region might differ from bulk carrier concentration. For example, Chen et al. 33 reported q c ¼ 5 Â 10 À7 X cm 2 and 3.8 Â 10 À7 X cm 2 for Ge/Pd/Au and Ni/Ge/Au contacts, respectively, to n-GaAs (Fig. 8(e) ). The carrier concentration in n-GaAs was 2.2 Â 10 18 cm
À3
. They attributed the low q c to the increased carrier concentration at the surface due to Ge diffusion in GaAs. Similarly, as shown in Fig. 8(j) , Malina et al. 57 obtained extremely low contact resistivities for p-InP. Here, 57 Au-Be was used for contacting the semiconductor and q c ¼ 2 Â 10 À8 X cm 2 was obtained after annealing, for a carrier concentration of (3-4) Â 10 18 cm
. The low q c could be a result of increased carrier concentration at the interface due to Be dopant diffusion in InP.
V. CONCLUSIONS
We have computed the contact resistivity as a function of both carrier concentration and Schottky barrier potential for contacts to n-type and p-type In 0.53 Ga 0. 47 As, InAs, GaAs, GaSb, InP, and InSb. Resistivities calculated for a finite tunnel barrier are compared to the case of 100% interface transmission probability, i.e., the quantum conductivity limit. These results are compared to experimentally measured contact resistivities, including the data for contacts using refractory contact metals deposited in situ on the semiconductor surface immediately after semiconductor growth and without breaking vacuum. Such in situ refractory contacts avoid both significant metal penetration into the semiconductor and significant interface contamination via exposure to the atmosphere.
Experimentally measured contact resistivities for heavily doped n-type In 0.53 Ga 0. 47 , where the Schottky barriers energies ($0.2 eV) and Schottky barriers widths ($0.5-1.5 nm) are both small, the interface transmission probability is high, with computed contact resistivities lying within a factor of four of the quantum transport limit. In this limit, contact resistivity is only further improved by increased carrier concentration, with resistivity varying as the inverse of the (2/3)rd power of carrier concentration. For p-type In 0.53 Ga 0. 47 As, even at a carrier concentration of 10 20 cm À3 , the barrier tunneling probability remains low, and increased carrier concentration should result in further rapid decreases in contact resistivity. Such low-resistance contacts have important applications in both high-frequency (THz) III-V transistors and in nm-contact-pitch transistors in VLSI.
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